Introduction
Water sediments are an integral part of the surface water environment, and the dwelling aquatic organisms are involved not only in biogeochemical transformations, but also play a fundamental role in maintaining the purity of water, decomposition of organic matter and primary production. The sediments are also characterised by their ability to accumulate numerous types of contaminants that pose a threat to living organisms. These include organochlorine compounds such as DDTs, HCHs and PCBs. A re-suspension of contaminated sediments can be an important source of organochlorine compounds in the water and can cause exposure of fish to their effects (Hornbuckle and Miller 2010; Schneider et al. 2007 ). For these reasons, water sediment pollution is one of the most important contemporary environmental problems.
Organochlorine compounds (DDTs, HCHs and PCBs) are referred to as persistent organic pollutants because of their resistance to chemical, biological and Assessment of DDT, HCH and PCB pollution of lake sediments in Poland Izabela Bojakowska*, Marzena Stasiuk, Jolanta Gąsior, Wojciech Wołkowicz
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Abstract:
In the years 2010-2013, 528 samples of surface sediments were collected from lake depths in the area of Poland. The content of 7 PCB congeners, HCH isomers and p,p'-DDT, p,p'-DDE and p,p'-DDD was determined using the GC-ECD method. The studies showed the common occurrence of organochlorine compounds in lake sediments in Poland. , respectively. High levels of DDTs are found in sediments of those lakes upon which major towns are located, whereas the highest HCH concentrations are observed in sediments of the lakes upon which holiday centres and agrotourism facilities have developed. The ratio of concentrations of total DDT metabolites to p,p'-DDT was above 2 in almost all samples, and the value was most frequently from several to tens (average 28.3). Sediments of some lakes contain higher concentrations of γ-HCH and DDT metabolites than their PEC values, the content of γ-HCH was higher in 1.89% of the analysed samples, the content of p,p'-DDE in 3.78% of the samples, and the content of p,p'-DDD in 7.38% of the samples. Concentrations of p,p'-DDT and PCB in excess of the PEC value were not found in any of the samples tested.
Key words: lake sediments, PCBs, DDTs, HCHs photolytic degradation, their ease of bioaccumulation in living organisms, and the possibility of biomagnification in the trophic chain (Strandberg et al. 2000; Henny et al. 2003; Nfon et al. 2008; Erkmen et al. 2013) . Although their production and use have been abandoned in most countries, they are widespread in the environment and their presence is recognised in sediments of many lakes (Erkmen et al. 2013; Bettinetti et al. 2011; Hu et al. 2010; Jiao et al. 2009; Jung et al. 2008; Yuan et al. 2013; Grimalt et al. 2004 ). These compounds, ending up in surface waters along with runoff, sewage and atmospheric deposits, are retained in the sediment (due to their low solubility in water) usually in forms adsorbed on fine-grained material, or they are associated with organic matter (Abbt-Braun and Frimmel 1996; Lohmann et al. 2005) . Most organochlorine compounds, due to the high vapour pressure, are relatively easily released into the atmosphere and can be transported over long distances, and, in consequence, their atmospheric deposition in both dry and wet precipitation plays an important role in the circulation of these contaminants in the environment (Shen et al. 2005; Totten et al. 2003; Hsu et al. 2003; Grynkiewicz et al. 2003; Eisenberg et al. 1998; Ramamoorthy and Ramamoorthy 1997) .
In modern sediments, the content of organochlorine compounds ranges from below the detection limit to as much as several hundred thousand ng g -1 (extreme content is recorded, e.g., in sediments of some harbours); in general, even in highly contaminated sediments, the content of these compounds does not exceed 1,000 ng g -1 (Kannan et al. 1997; Bremie et al. 1998; Sivey and Lee 2007; Lin et al. 2009 ). High levels of organochlorine pesticides and PCBs have been typically observed in sediments dated to the 1950s-1970s. It has been discovered that, in lakes located near urban and industrial areas, the maximum content of, e.g, DDTs was found in sediments dating back to the 1950s, while in lakes located far from pollution sources, the maximum DDT content was recorded in water sediments deposited in the 1970s (Rawn et al. 2001; Jung et al. 2008) . Concentration of organic pollutants in the sediments is largely constrained by the concentration of organic matter. Lower concentrations are found in sandy sediments, while a much higher content is observed in organic muds (Sapota 2006) .
Research scope and methods
The study uses the results obtained during the monitoring conducted under National Environmental Monitoring. In the years 2010-2013, 528 samples of surface sediments from the profundal zone were collected for monitoring, using the Van Veen sampler.
Determinations of polychlorinated biphenyls (congeners: PCB28, PCB52, PCB101, PCB118, PCB153, PCB138, PCB180), hexachlorocyclohexane isomers (α-HCH, β-HCH, γ-HCH, δ-HCH and p,p'-DDT (1,1,1 -trichloro-2,2-bis (p-chlorophenyl)ethane), p,p'-DDE (1,1-dichloro-2,2-bis (4-chlorophenyl)ethylene) and p,p'-DDD (1,1-dichloro-2,2-bis (4-chlorophenyl) ethane) were made on extracts obtained after the extraction of the samples using the hexane/acetone mixture. After desulphurisation, the extracts were purified from polar compounds by column chromatography (Florisil). The content of POPs in the extracts was determined using a gas chromatograph with an electron capture detector GC-ECD (Agilent). Separation of the compounds was performed on an HP-5 capillary column (30 m in length, 0.32 mm in diameter, 0.25 µm film (5%)-diphenyl-(95%) dimethylpolysiloxane), using temperature programming: with an increment of 30°C min -1 from 110°C to 140°C, with a temperature increment of 2°C min -1 from 140°C to 170°C, isotherm at 170°C for 10 min, with an increment of 2°C min -1 from 170°C to 240°C, with an increment of 10°C min -1 from 240°C to 300°C. The limit of determination for PCB28, PCB52, PCB101, PCB118, PCB153, PCB138, PCB180, and for p,p'-DDE and p,p'-DDD was 0.1 ng g -1
, and for α-HCH, β-HCH, γ-HCH, δ-HCH and p,p'-DDT -0.5 ng g -1 . Organic carbon content was also determined in all the samples by coulometric titration from a solid sample using a Ströhlein COULOMAT 702 CS/LI device, after removal of carbonate carbon by concentrated HCl.
Results and discussion
In the lake sediments, the sum of HCH isomers (Σ HCH) was in the range from <2 (determination limit) to 60.7 ng g -1 , the calculated mean concentration was 6.3 ng g -1 , the geometric mean 3.5 ng g -1 , and the median 2.9 ng g -1 (Table 1) Table 2) . At a concentration in excess of the determination limit, isomer α-HCH was recorded in 442 samples, but more than half of them show a concentration of less than 2 ng g -1 (Figure 1 ). The highest concentration of this isomer was found in the sediments of Lake Lubi- ). The occurrence of isomer β-HCH, at a concentration in excess of the determination limit, was found in 100 samples. The highest levels were recorded in Lake Miejskie (Sarcz) -9.8 ng g -1
. The presence of isomer γ-HCH, at a concentration in excess of the determination limit, was detected in 282 samples and most of them show values of less than 1 ng g -1 .
The highest γ-HCH concentration was found in the sediments of Lake Dadaj -33 ng g -1 γ-HCH. Isomer δ-HCH was found only in 14 samples and its highest concentrations were measured in the sediments of Lake Charzykowskie (16 ng g -1
). Isomer α-HCH was not only the most frequently detected one, but also its average concentration was the highest -4.4 ng g -1 , whereas the average concentration of γ-HCH, the second most frequent HCH isomer, was 1.1 ng g -1
. In most of the lakes, α-HCH predominates over γ-HCH. The concentration of γ-HCH is higher than the concentration of α-HCH only in the following lakes: Lubińskie, Selmęt, Kielsk, Łegowskie, Wukśniki, Tuczno and Dadaj. The concentration of Σ HCH in the sediments shows a poor correlation with the TOC Fig. 1 . Histograms of a-HCH and g-HCH in lake sediments The maximum recorded content of Σ HCH in lake sediments in the area of Poland is higher than that found in the sediments of China's lakes, e.g. Taihu Lake, where the content is up to 6 ng g -1 , Honghu Lake, up to 19.9 ng g -1 , and Baiyangdian Lake, up to 12.8 ng g -1 (Liu et al. 2009; Yuan et al. 2013; Hu et al. 2010) . However, the average content of Σ HCH in lake sediments in Poland is comparable to the content of Σ HCH in sediments of those lakes, as well as to the content of HCH in the sediments of lakes from Svalbard Island (Norway), which contain from 0.8 to 6.5 ng g -1 Σ HCH, the sediments of Lake Victoria (Uganda), which contain up to 5.48 ng g -1 γ-HCH, or the sediments of Lake Manyas (Turkey), referred to as Bird Paradise, which contain 1.08 ng g -1 α-HCH, 1.95 β-HCH and 0.46 ng g -1 γ-HCH on average (Jiao et al. 2009; Erkmen et al. 2013; Wasswa et al. 2011) . The maximum content of Σ HCH in the lake sediments is lower as compared to the content of HCH in river sediments in Poland, which contain up to 122 ng g -1 , e.g. in the River Vistula at Oświęcim (Bojakowska et al. 2012 ). For comparison, in surface sediments of the southern Baltic Sea (Gdańsk Basin), where contaminants transported by the Vistula are accumulated, the content of Σ HCH is 1.73 ng g -1 , including 0.54 ng g -1 γ-HCH. In the Bornholm Basin, where contaminants transported by the River Oder are deposited, the content of Σ HCH is 2.13 ng g -1 (Sapota 2006; Pazdro 2004 ). The total content of p,p'-DDT, p,p'-DDE and p,p'-DDD (Σ DDT) in the lake sediments was in the range from <0.7 ng g -1 to 602.9 ng g -1
, the average was 19.2 ng g -1 , the geometric mean was 8.9 ng g -1
, and the median, 10.4 ng/kg ( The presence of metabolite p,p'-DDE was found in almost all samples (522 samples). Its maximum content (150 ng g -1 ) was measured in the sediments of Lake Urzędowskie, but nearly 75% of the analysed samples contained less than 10 ng g -1 (Figure 2 ). Metabolite p,p'-DDD, at a concentration higher than the determination limit, was found in 502 samples, with the highest content (450 ng g -1 ) also reported from Lake Urzędowskie. Despite the significantly lower geometric mean of the p,p'-DDD content than the p,p'-DDE content, the upper quartile of both isomers is comparable (8.9 ng g -1 and 10.8 ng g -1 , respectively). The presence of p,p'-DDT, at a concentration above the determination limit, was observed in 255 samples, and the majority of samples contained less than 1 ng g -1
. The maximum content of p,p'-DDT (11.2 ng g -1 ) was recorded in the sediments of Lake Ińsko. The content of DDT in the lake sediments has a weak correlation with the TOC (r = 0.14) and HCH content (r = 0.13), but a good correlation with the PCB content (r = 0.45).
The content of DDTs in most of the investigated lakes is comparable with the concentrations of DDTs in the sediments of China's lakes, e.g. in the sediments of Honghu Lake located in rice and cotton areas (up to 27.52 ng g -1 ), the sediments of Baiyangdian Lake (up to 3.1 ng g -1 DDTs), and the sediments of Taihu Lake (12 ng g -1 ) (Yuan et al. 2013; Hu et al. 2010; Liu et al. 2009 ). However, the average DDT content in the lake sediments in Poland is much higher than the average content in the sediments of lakes on Svalbard Island, ranging from 0.07 to 5.4 ng g -1 , and the sediments of Lake Manyas, Turkey, with the values of 2.4 ng g -1 p,p'-DDD, 0.92 ng g -1 p,p'-DDE, and 1.18 ng g -1 p,p'-DDT (Erkmen et al. 2013; Jiao et al. 2009 ). The maximum content of DDTs, recorded in the sediments of Lake Urzędowskie, is several times higher than the maximum concentration of DDT in the sediments of Lake Sibaya (123 ng g -1 ), one of the most polluted lakes in South Africa (Humphries 2013 ). In the area of Poland, the presence of DDT has been much more frequently detected in lake sediments than in river sediments, , and in the Gulf of Finland 2.6-5.0 ng g -1 (Sapota 2006; Pikkarainen 2007) .
The content of the sum of polychlorinated biphenyls (Σ PCB) in the examined lake sediments varied from <0.7 ng g -1 to 50.7 ng g -1 , the average was 2.8 ng g -1 , and the geometric mean and the median had similar values of 1 8 and 1.9 ng g -1 , respectively (Table 5 ). In the majority of samples, the PCB content does not exceed 3 ng g -1 (Figure 3) . The highest Σ PCB values were reported in the sediments of the following lakes: Grzymisławskie (50.5 ng g Table 6 ). The presence of at least one PCB congener, at a concentration above the determination limit, was detected in 522 samples, including PCB28 -found in (Figure 3 ). The content of PCBs in the lake sediments shows a weak correlation with the TOC (r = 0.19) and with the HCH content (r = 0.17), and a good correlation with the DDT content (r = 0.45). The range of the Σ PCB content in the lake sediments in Poland is similar to the PCB content in the sediments of China's lakes, e.g. Honghu Lake, where the concentration is up to 42.95 ng g -1 , or Baiyangdian Lake, where the concentration is up to 7.6 ng g -1 , as well as to the concentrations of PCBs in the lake sediments of Svalbard Island, attaining 18 ng kg -1 (Hu et al. 2010; Jiao et al. 2009; Yuan et al. 2013 ). The concentrations are also lower than those found in the sediments of Lake Bourget (France), which contain up to 79 ng g -1 PCBs and its deposition is dated to the 1970s (up to 850 ng g -1 ), or those from Lake Michigan (USA), ranging from 0.6 to 224.9 ng g -1
, and yet lower than those from Järnsjön Lake (Sweden), which were up to 30,700 ng kg -1 prior to remediation (Yaun et al. 2013; Bremie et al. 1998) . Sediments of the Baltic Sea near Stockholm contain up to 100 ng g , and at the mouth of the Peene River 122 ng g -1 (Biselli et al. 2005; Dannenberg et al. 1997; Müller and Schilling 1998) .
Based on the study results, it can be concluded that organochlorine compounds are common constituents in the sediments of Poland's lakes. Undoubtedly, some of these compounds in the lake sediments originate from atmospheric transport, but their main source, particularly of organochlorine pesticides, was and still is primarily surface runoff from former agriculture and forestry areas. Among the POPs identified in the lake sediments, the most frequent compounds were DDTs and PCBs. The highest concentrations were reported for metabolites p,p'-DDT. The average content of p,p'-DDE was 8.9 ng g -1 , and p, p,-DDD 9.5 ng g -1 , while the average PCB content was significantly lower -2.8 ng g -1 .
The presence of HCHs, at a concentration above the determination limit, was detected rarely, but their average content in the sediment was significantly higher than the content of PCBs. High DDT levels were detected in the sediments of lakes on which towns are located, e.g. Kartuzy (15,700 inhabitants) on Lake Karczemne, Olsztyn (175,500 inhabitants) on Lake Czarne (Sukiel), and Człuchów (14,000 inhabitants) on Lake Urzędowskie. Sediments of these lakes also contain elevated levels of HCHs and PCBs. Particularly striking is that the highest HCH content was observed in the sediments of lakes that are used for recreational purposes, near resorts and agrotourism centres. Sediments of these lakes are also characterised by relatively low DDT content. Although the use of HCH has been banned in agricultural production, these compounds are still present in cosmetics and medicines (shampoos against fleas and lice, antiscabies drugs). Elevated PCB content was recorded in the sediments of lakes used for recreational purposes as well as in those on which towns are situated. PCB compounds were used in many devices as hydraulic fluids, a lubricant component, insulation in engines, impregnation, or components of insecticide formulations, which resulted in widespread contamination of lake sediments with these compounds.
It has been found that the HCH and DDT concentrations in sediments of some lakes are higher than the PEC (Probable Effect Concentration) values, above which we can observe harmful effects of these compounds on organisms inhabiting surface fresh waters (Ingersoll et al. 2011) . The γ-HCH content in the sediments of lakes Dadaj, Tuczno, Lubiatówko, Cichowo, Dominickie, Bnińskiego, Krzyckie, Charzykowskie, Długie and Białe Miałkie (1.89% of samples) exceeded 5 ng g -1 (PEC), but in most lakes (93.56%), the γ-HCH content was less than 3 ng kg -1 (TEC value -Threshold Effect Concentration), below which no harmful effect is observed on aquatic organisms. Contents of p,p'-DDE above 31 ng g -1 (PEC) was found in 20 samples (3.78%), while the values below 4.9 ng g -1 (TEC value) were observed only in 128 samples (24.2%). In the case of p,p'-DDD, a concentration higher than the PEC value -28 ng g -1 , was observed in 39 samples (7.38%), and a content less than the TEC value (4.9 ng g -1 ) was found in 321 samples (60.79%). No p,p'-DDT concentrations higher than the PEC value (62.9 ng g -1 ) were found in the samples, and a content less than 1.19 ng g -1 (TEC) was measured in 428 samples (81.06%). None of the samples yielded PCB content greater than 676 ng g -1 (PEC), and a content greater than 22 ng g -1 (TEC) was found in only four lakes: Grzymisławskie, Karczemne, Ostrów and Kalejty. The observations prove that p,p'-DDD is the prevalent component of the sediments that are characterised by a high content of DDTs originating presumably from local sources, indicating anaerobic conditions of p,p'-DDT degradation which probably took place in lake depths. The sediments with a lower DDTs content more frequently show prevalence of p,p'-DDE, which indicates the occurrence of aerobic conditions of degradation of p,p'-DDTs, and their likely origin from surface runoff. The content ratio of p,p'-DDT to its metabolites also shows a wide range of variation in the sediments. A low value of (DDE + DDD)/DDT (less than 1) indicates a close proximity to the source of contamination and relatively recent application of this preparation. The concentration ratio of the sum of DDT metabolites to p,p'-DDT in almost all lakes was above 2, and the ratio was commonly in single or double figures (average 28.3). The ratio of DDT/(DDE + DDD) lower than 1 was recorded only for the sediments of lakes Kruteckie, Tumińskie and Gremzdel. For comparison, the (DDD + DDE)/DDT ratio in river sediments does not exceed 5.0 (Bojakowska et al. 2012) .
The prevalence of α-HCH content over γ-HCH content in the sediments of almost all lakes, and the frequency of detection of individual HCH isomers in the sediments is constrained by several factors. It is probably related to the varying water solubility of the individual isomers: for example, δ-HCH dissolves much more readily than α-HCH. It also depends on the intensity of the isomerisation process of γ-HCH in α-HCH, particularly under reducing conditions (Różański 1992) . The prevalence of α-HCH content over γ-HCH content may also indicate that preparations with a composition similar to an industrial product, but not to lindane, were used in the past. Industrial HCH, which was used in forestry in combating Black Arches (Lymantria monacha), generally contains 55-80% α-HCH, 5-14% β-HCH, 8-15% γ-HCH, and 2-16% δ-HCH, while lindane was characterised by a high content of γ-HCH -99% (Erkmen et al. 2013; Wołkowicz 2010) .
In water sediments, organic pollutants are associated primarily with organic matter. The analysed POPs from the lake sediments show a poor correlation with the TOC, but a very good correlation between the content of HCHs, DDTs and PCBs and the content of HCH/TOC, DDTS/TOC and PCB/TOC (Figure 4) . In 90% of the samples, the Σ HCH/TOC ratio is below 1.8×10 -7 ( Figure 5 ). Most frequently, high values of this ratio were observed in samples characterised by an elevated content of Σ HCH (Figure 4 ). It can be assumed that the presence of HCHs in the sediments, at low concentrations and low values of the Σ HCH/ TOC ratio, is due to their origin from diffuse sources of pollution, and the high content of Σ HCH and the high Σ HCH/TOC ratio point to local pollution. In 90% of the samples, the (DDT + DDE + DDD)/TOC ratio does not exceed 6.3×10 -7
. Figure 5 depicts the (DDD + DDE + DDT)/TOC ratio histogram. Like with the case of HCH, high values of this ratio were most frequently observed in the samples characterised by increased content of DDT and its metabolites, most likely originating from local contamination sources. In 90% of the samples, the PCB/TOC ratio does not exceed 0.8×10 -7 . Biselli S., Reineke N., Heinzel N.,Kammann U., Franke S., Hühnerfuss H., Theobald N., 2005, Bioassay-directed fractionation of organic extracts of marine surface sediments from the north and Baltic Sea, J. Soil Sediment 5(1): 171-181. Bojakowska I. Stasiuk M., Gąsior J., 2012, DDT i jego metabolity w powierzchniowych osadach jezior i rzek Polski (DDT and its metabolites in surface sediments of lakes and rivers of Poland), Biul. PIG 450: 9-16 (in Polish, English summary). 3. Sediments of some lakes contain concentrations of γ-HCH and DDTs higher than the PEC values. The γ-HCH content was higher in 1.89% of the analysed samples, the p,p'-DDE content in 3.78% of the samples, and the p,p'-DDD content in 7.38% of the samples. p,p'-DDT and PCB concentrations, higher than the PEC value, were not found in any of the samples.
